Five polypeptide components were resolved by polyacrylamide gel electrophoresis of the proteins extracted from cells infected with Semliki Forest virus. One of these components was the virus nucleocapsid polypeptide, another was the two unresolved virus envelope glycoproteins. The remaining three peaks were due to polypeptides of tool. wt. 97 ooo (NVP-97), 78 ooo (NVP-78) and 63 ooo (NVP-63). NVP-97 and NVP-63 are glycoproteins, and both NVP-63 and the envelope glycoproteins were precipitated with either an antiserum to the envelope polypeptides or with concanavalin A.
INTRODUCTION
Previous studies have shown that group A togaviruses such as Sindbis virus and Semliki Forest virus contain two polypeptides, one of which interacts with the virus RNA to form the nucleocapsid, while the other, a glycoprotein, is a component of the lipoprotein envelope (Strauss et al. x968 ; K/i/iri/iinen, Simons & yon Bonsdorff, i969; Kennedy & Burke, I972) . More recently it has been possible to resolve the envelope polypeptide of Sindbis virus (Schlesinger, Schlesinger & Burge, I972) and Semliki Forest virus (Simons, Keranen & K~iftriftinen, t973 ; S. I. T. Kennedy, personal communication) to yield two glycoproteins.
In addition to these poIypeptides a number of other virus specified polypeptides can be detected in extracts of infected cells (Hay, Skehel & Burke, 2968; Strauss, Burge & Darnell, 2969) . Until recently nothing was known about the nature and function of these polypeptides although recent reports (Schlesinger & Schlesinger, 2972; Simons et al. 2973) show that one of these polypeptides is a precursor to one of the envelope polypeptides. It is not known whether the formation of togavirus proteins involves post-translational cleavage of a giant polypeptide, although evidence both in favour (Burrell, Martin & Cooper, 297o; Strauss et al. 2969) , and against (Friedman, I969) such a mechanism has been published. We report in this paper some properties of these polypeptides as a prelude to a study of the mechanism of virus protein synthesis in cells infected with Semliki Forest virus. The two envelope polypeptides were not resolved in the work reported in this paper.
METHODS

Materials.
Medium 199 was obtained from the Wellcome Foundation Ltd., Beckenham, England. Sodium dodecyl sulphate (SDS; specially pure grade), urea (Aristar) and acrylamide were purchased from British Drug Houses, Poole, Dorset, and N,N'-methylenebisacrylamide from Eastman Organic Chemicals, Rochester, New York. Triton N-IOI, rabbit muscle phosphorylase a, human transferrin, bovine serum albumin (fraction V), ovalbumin (grade V), bovine carbonic anhydrase and bovine ~-chymotrypsinogen-A (type II) were all obtained from the Sigma Chemical Co. Ltd., London. Calbiochem, London, supplied the Cleland's reagent and the concanavalin A (A grade). Trypsin (I : 250) Preparation of primary chick embryo fibroblast monolayers. The embryos were removed from 1 I-day-old hen's eggs and placed in I35 mm glass Petri dishes (~ 50 embryos/dish) containing 2o ml of phosphate buffered saline (PBS). The embryos were decapitated and the bodies transferred to 90 mm Petri dishes and chopped into small pieces with scissors. The chopped tissue was placed in I 1 Erlenmeyer flasks (each flask contained tissue from 60 to 70 embryos) and to each flask was added Ioo ml of o. I ~o trypsin in PBS. The flasks were incubated at 37 °C for 2o rain on an orbital shaker moving at 12o rev/min. Each flask was allowed to stand for 2 min and the supernatant cell suspension decanted and placed on ice. To the residual tissue was added a further Ioo ml of trypsin and digestion repeated three more times. The cell suspensions were combined, passed through a 4o-mesh stainless-steel filter and the cells collected by centrifuging at 3o0 g for 2o min at 4 °C. The cells were gently resuspended in Medium I99 containing 5 ~ calf serum, Ioo units/rot penicillin G, zoo units/ml streptomycin and adjusted to pH 7"5 with 5 ~ (w/v) sodium bicarbonate (growth medium; 2 ml growth medium/embryo) and then passed through sintered glass filtersfirst through a grade o and then through a grade I. The cell count of this filtered suspension was determined using a Neubauer improved counting chamber and the suspension diluted with growth medium to 6 x lO 6 cells/ml. Twenty-five ml portions of this suspension were placed in I35 mm glass Petri dishes and monolayers established by incubating for I6 h at 37 °C in a humidified incubator which was continuously gassed with 95 ~ air/5 ~ CO2. All monolayers were used within 48 h.
Virus. The ts + wild-type strain of Semliki Forest virus was used throughout this work. Virus for inoculation was grown in suspensions of chick embryo fibroblasts as described by Kennedy & Burke (I972) and stored at -70 °C in the presence of 2 ~ calf serum.
Cell strains and lines. L cells and human embryo lung (HEL) cells (MRC/5) were grown in Eagle's minimal essential medium (Glasgow modification) plus IO ~o calf serum. The same medium, with the addition of tryptose phosphate broth (final concentration 0"3 (w/v)), was used for the growth of BHK-2I cells.
Virus-specified protein synthesis. Cells were infected with Semliki Forest virus at 37 °C for I h at 25 p.f.u./cell (on occasion infection was carried out in the presence of o'5 #g/ml actinomycin D). Control monolayers were mock-infected using maintenance medium (Medium I99 containing 2 ~o calf serum, Ioo units/ml penicillin G, Ioo units/ml streptomycin and adjusted to pH 7"5 with 5 ~ (w/v) sodium bicarbonate). Following adsorption the culture fluids were removed and the monolayers washed twice with IO ml portions of warmed maintenance medium and then overlaid with IO ml of the same medium containing I/zg/ml actinomycin D and placed at 30, 37 or 39 °C. Thirty min before the post-infection time specified in individual experiments, the monolayers were washed with 2x Io ml portions of warmed Earle's medium containing I #g/ml actinomycin D and 2 ~oo dialysed calf serum, pH 7"4 (EDA), and incubated under to ml of this medium. At the specified time the culture fluids were removed and the appropriate radioactive precursor added to the cultures in 3 ml of EDA. These isotopes were added as follows Polyacrylamide gel electrophoresis. Electrophoresis was carried out in Io ~ (w/v) acrylamide gels, cast to a height of 9 o, I2O or I9O mm in 6 mm internal diam. perspex tubes. The tris-SDS-urea gel system of Kennedy & Burke (1972) was employed. In some experiments a composite gel was used consisting of Io mm of 3 ~o (w/v) gel on top of 8o mm of 7"5 or Io ~ (w/v) gel. These gels were prepared by overlaying the 7"5 or IO (w/v) monomer solution with the 3 ~ (w/v) solution. All gels were overlaid with 5oo/zl of o.I M-reduced glutathione (in tenth-strength electrophoresis buffer) and pre-electrophoresed for several hours before use. Immediately prior to electrophoresis, samples were incubated at Ioo °C for I min and after the addition of sucrose to 5 ~o (w/v) and bromophenol blue as tracking dye, were electrophoresed at Ioo V fixed potential at room temperature for between 6 and 8 h. After electrophoresis gels were sectioned into I-o mm segments and the radioactivity of each segment was determined as previously described (Kennedy & Burke, 1972) . All values are corrected for background.
Precipitation of virus proteins using antiserum and concanavalin A. Four infected chick cell
cultures were labelled from 4"5 to 8"5 h (for antiserum precipitation) or from 6"5 to 8"5 h (for concanavalin A precipitation) post-infection with 5o #Ci [35S]-methionine/culture as described above. The cells were harvested by centrifuging at ~ Ioog for Io min at 4 °C and the cell pellets washed six times with 2o ml portions of ice-cold PBS by resuspension and centrifuging. The pellets were briefly frozen to -2o °C, thawed, resuspended in 8oo/zl PBS and sonicated as described above. Each preparation was made 2 ~oo (V/V) in Triton N-Ioi and after 3o min at room temperature was centrifuged at 2ooo g for 45 min to give a solubilized cell extract. A Ioo #1 sample was removed from each of these extracts.
(a) Precipitation using antiserum. The direct precipitation technique of Horwitz & Scharff (I969) was employed. To 500/~1 of solubilized cell extract was added 5oo #1 of kaolin absorbed antiserum prepared in rabbits against highly purified formaldehyde-fixed Semliki Forest virus as described by S. I. T. Kennedy (personal communication) . The preparation was then incubated, firstly at 37 °C for 2"5 h and then at 4 °C for 3 h. The sample was centrifuged at I5oog for I5 min at 4 °C and the pellet washed four times with PBS by resuspension and centrifuging.
(b) Precipitation using concanavalin A. To 600 #1 of solubilized cell extract was added 15o/~1 of a freshly prepared I mg/ml solution of concanavalin A in PBS. The preparation was then incubated, firstly at room temperature for I h then at 4 °C for 2"5 h. The sample was centrifuged at I5oo g for 2o min at 4 °C and the pellet washed four times with PBS by resuspension and centrifuging.
All pellets were resuspended in Ioo td PBS and together with the samples taken prior to precipitation were solubilized and analysed by polyacrylamide gel electrophoresis as described above.
Estimation of the mol. wts. of virus-specified polypeptides. In order to determine the mol. wts. of Semliki Forest virus-specified polypeptides, [~4C]-labelled reference proteins were prepared as described by Rice & Means (I971) . These reference proteins were added to the cell homogenate and co-extracted and electrophoresed in Io ~ (w/v) acrylamide gel with the virus-specified polypeptides (labelled with [3H]) and mol. wts. calculated as described by Shapiro, Vifiuela & Maizel (I967) . The radioactive profile of the marker proteins was unaffected by addition of the cell homogenate, showing that there was no proteotysis during sample preparation. The reference proteins used were phosphorylase a (mol. wt. 95ooo), transferrin (tool. wt. 79ooo), bovine serum albumin (mol. wt. 68ooo), ovalbumin (tool. wt. 445oo), carbonic anhydrase (mol. wt. 34ooo) and c~-chymotrypsinogen (tool. wt. 24ooo).
Protein determinations. Protein concentrations were determined by the method of Lowry et al. (I95I) as described by Kennedy & Burke (I972) .
RESULTS
Virus-specified polypeptides in infected cells
Monolayer cultures of chick embryo cells were infected with Semliki Forest virus and pulsed with [ZH]-labelled reconstituted protein hydrolysate from 5 to 8 h after infection. When the proteins were extracted and separated by electrophoresis on a IO cm polyacrylamide gel, five polypeptide peaks could readily be identified (Fig. I) . Similar examination of extracts from uninfected cells showed that no discrete polypeptides were formed in uninfected cells, presumably because of the effect of addition of actinomycin D. Two of the virus-specified polypeptide peaks, labelled envelope and core respectively in Fig. I are the structural polypeptides of the virus (Hay et al. I968; K/ifiri~iinen et al. I969; Kennedy & Burke, I972 ) . The remaining three, labelled NVP-97, NVP-78 and NVP-63, are non-virus polypeptides (NVP) and are not detected in the virus particle. The mol. wts. of these polypeptides were determined by co-electrophoresis with radioactively labelled proteins, as shown on the Fig. with the following results: NVP-97 97ooo, NVP-78 78o00, NVP-63 63ooo, envelope 53ooo and core 365oo. The values for the mol. wts. of the envelope and core polypeptides are slightly higher than those previously given (Kennedy & Burke, 1972) .
A search was made for polypeptides of higher tool. wt. than NVP-97 by electrophoresis o/ through a 3 ~o stacker gel above a lO ~ gel. No labelled material was found in the stacker gel or at the gel interface. Similarly, no material migrating faster than the core polypeptide could be detected when the sample was analysed by electrophoresis on a I9 cm lO polyacrylamide gel, run until the bromophenol blue tracker was I cm from the bottom of the gel. The same virus-specified polypeptides were found whether infected cells were incubated at 30, 37 or 39 °C. In all these experiments, the cells were labelled for I h so that polypeptides that are rapidly turned over would not have been detected. An estimate of the rate of formation of these polypeptides was obtained by pulsing with [3H]-labelled reconstituted protein hydrolysate for 1 h at different times after infection. Proteins were then extracted from the total cellular material, separated by electrophoresis and the radioactivity associated with each polypeptide peak calculated as a ~ of the total radioactivity of the gel. The results (Fig. 2) showed that all polypeptides were observed at all times investigated from 3 h to I3 h after infection. However, the amount of structural proteins labelled during a ~ h period increased relative to the amount of NVP-97, NVP-78 and NVP-63 that was labelled late in infection. Total virus protein synthesis rose to over 95 ~ of all protein synthesis, and three polypeptides, the core and the two envelope polypeptides, accounted for over 5o ~ of protein synthesis.
The virus-specified polypeptides detectable in infected BHK-zL L-929 and HEL cells were analysed by the same techniques. The same five peaks could be identified, but they were present in different amounts. When infected BHK-2[ cells were compared with chick embryo cells, NVP-97 was more prominent and NVP-78 less prominent in BHK-/[ cells (Fig.  3) . The .relative amounts of NVP-97 and NVP-78 found in L-929 and HEL cells were similar to those found in BHK cells.
Carbohydrate content of the virus-specified polypeptides
The carbohydrate content of the virus-specified polypeptides was investigated by labelling BI-IK-2[ cells, infected with SFV, with [3H]-glucosamine and [14C]-valine simultaneously. The virus glycoproteins could not be labelled with [~H]-glucosamine when serum was present in the medium, presumably because of metabolic conversion of the isotope. This problem was minimized by incubation of cells in medium without serum for I2 h before infection. When the proteins were extracted from infected and uninfected cells and analysed by polyacrylamide gel electrophoresis, no significant peaks containing glucosamine were found in uninfected cells, but three (NVP-97, NVP-63 and envelope) of the five virus-specified polypeptide peaks contained substantial amounts of glucosamine and the other two (NVP-78
Virus-specified polypeptides and core) contained a small amount (Fig. 4) -Since purified core polypeptide has been shown to be free of carbohydrate (Kennedy & Burke, 197z) , it was concluded that the glucosamine labelling of the core polypeptide was due to entry of labelled glucosamine into general metabolism. Calculation of the [~H]/[14C] ratios of the five peaks showed that NVP-78 gave the same figure as for the core, suggesting that NVP-78 also contained no glucosamine. However, the ratios for the envelope polypeptides and NVP-63 suggested that both contained glucosamine, the envelope polypeptides slightly less than NVP-63, and that NVP-97 also contained some glucosamine.
These experiments were repeated using fucose in place of glucosamine (Fig. 5) . Again, no distinct polypeptides containing fucose could be identified in extracts from uninfected cells. In infected cells, only the envelope polypeptides and NVP-63 contained fucose, which was present in the same amounts. No fucose was detectable in NVP-97.
Effects of virus antiserum and concanavalin A on virus-specified polypeptides
NVP-63 and the envelope polypeptides were shown to contain similar carbohydrate residues and antigenic determinants by the use of virus antiserum and concanavalin A. The antiserum, which had been raised against formalin-fixed virus, reacted with the envelope polypeptides but not with virus cores or with the core polypeptide (S. I. T. Kennedy, personal communication) . Addition of this antiserum to a solubilized cell extract obtained from infected cells, followed by analysis of the precipitate by polyacrylamide gel electrophoresis, showed (Fig. 6 ) that both NVP-63 and the envelope polypeptides had been precipitated, suggesting that they shared a common antigenic determinant.
Concanavalin A has been shown to precipitate a number of enveloped viruses including SFV (Oram et al. ~97I; Becht, Rott & Klenk, 1972) by interaction with the envelope glycoproteins. When concanavalin A was added to a solubilized cell extract from infected cells, and the precipitate analysed by polyacrylamide gel electrophoresis (Fig. 7) it was found that NVP-97, NVP-63 and the envelope polypeptides were all precipitated, but not NVP-78.
DISCUSSION
Five virus-specified polypeptide peaks were readily identified in cells infected with Semliki Forest virus. One of the peaks was due to the virus nucleocapsid protein, and another to the two envelope glycoproteins. The remaining three peaks are probably composed of either precursors of virus particle polypeptides, or other polypeptides specified by the virus, probably playing some role in virus multiplication. All five polypeptide peaks were found in infected cells at all the times after infection that were investigated, from 3 to 13 h post-infection, and in both primary chick embryo cells and in a number of different cell lines. However, the relative proportion of the polypeptides did vary during the infectious cycle and in different cell types. The variation in relative proportions with time is probably due to accumulation of end products, while that with different cell types could be due to the presence of different amounts of proteases responsible for post-translational cleavage (M. J. Morser & D. C. Burke, personal communication).
NVP-97 and NVP-63 have been detected previously by several groups of workers in cells infected with togaviruses (Hay et al. I968; Strauss et al. I969; Burrell et al. I97o; Igarishi, I97o) . Several lines of evidence indicate that NVP-63 is structurally related to one of the two envelope polypeptides, which were not resolved in this study. Both NVP-63 and the envelope polypeptides contain glucosamine and fucose, all three polypeptides are precipitated with an antiserum which reacts with the virus envelope protein and all three polypeptides are precipitated with concanavalin A. Since NVP-63 is not incorporated into the virus particle, then it seems likely that NVP-63 is a precursor to one or other of the envelope polypeptides. Recent pulse-chase data (M. J. Morser & D. C. Burke, personal communication; R.W. Bingham & S.I.T. Kennedy, personal communication) strongly suggests that this is the case, and that the conversion of NVP-63 to one of the envelope polypeptides takes place as the latter are located in the plasma membrane of the host cell. The differences in mobility between NVP-63 and the envelope polypeptides on polyacrylamide gel electrophoresis might then be due either to a difference in tool. wt. of the polypeptide moiety or to a different carbohydrate composition. Ranki, K~i~iri~iinen & Renkonen (I972) have recently reported the existence of a carbohydrate-rich fragment with an apparent tool. wt. of 2oooo, and have suggested that in the conversion of NVP-63 to envelope, this glycopeptide is specifically removed. This fragment is probably identical to the minor protein of tool. wt. 23000 reported by Hay et al. (1968) . The non-additive value for the mol. wts. (63000 to 53000 + 20000) is probably due to the known difficulty in estimating mol. wts. of glycoproteins by their mobility in polyacrylamide gels (Bretscher, ~97t) .
Less is known about NVP-97 and NVP-78. NVP-97 contains carbohydrate residues, as shown by glucosamine incorporation and precipitation with concanavalin A. Pulse-chase experiments suggest that it is a precursor to NVP-63 (M. J. Morser & D. C. Burke, personal communication). Little is known about NVP-78; it contains no carbohydrate residues and has not been identified with any virus function.
